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(57) ABSTRACT

A power supply system and method are disclosed. The system
includes a power converter comprising a switching stage to
conduct an output current in response to switching signals
having a defined duty-cycle. The output current can be pro-
vided at an output of the power converter system. The system
also includes a current monitor to sense a magnitude of the
output current. The system further includes a gate drive con-
troller to generate the switching signals and to control an
output impedance of the switching stage based on the sensed
magnitude of the output current to control the magnitude of
the output current.

11 Claims, 2 Drawing Sheets
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1
IMPEDANCE CONTROL FOR A POWER
CONVERTER

BACKGROUND

Power converters, such as direct current to direct current
(DC/DC) power converters are implemented in a variety of
electronic devices to convert an input DC voltage to an output
DC voltage. There are various types of DC/DC power con-
verters, such as buck, boost, or buck/boost switching convert-
ers. Some power supply systems can implement a plurality of
power converters arranged in parallel to provide redundant
power to electronic systems. In such cases, impedance match-
ing circuits are typically implemented to ensure that the out-
put impedance of the parallel power converters are substan-
tially balanced.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example of a power supply system.

FIG. 2 illustrates an example of a parallel power supply
system.

FIG. 3 illustrates an example of a power converter.

FIG. 4 illustrates an example of a method for controlling an
output current of a power supply system.

DETAILED DESCRIPTION

FIG. 1 illustrates an example of a power supply system 10.
The power supply system 10 can be configured to provide an
output voltage V 5., to any of a variety of electronic compo-
nents. The output voltage V ,-can be generated based on the
flow of an output current I, such as through an output
inductor (not shown). In the example of FIG. 1 and as
described herein, the power supply system 10 is demonstrated
as a direct current to direct current (DC/DC) power supply.
For example, the power supply system 10 can be imple-
mented in any of a variety of handheld electronic devices,
such as a wireless communications device or portable com-
puting device. As an example, the power supply system 10
can operate in open-loop configuration with respect to the
output voltage V ., such that the power supply system 10
can operate substantially more efficiently than a typical
closed-loop DC/DC converter. However, it is to be under-
stood that other control schemes can be implemented for
generation of the output voltage V . 1, such as independent of
the output impedance control schemes described herein.

The power supply system 10 includes a power converter
12. The power converter 12 can be configured as any of a
variety of power converter types, such as a buck converter, a
boost converter, a buck/boost converter, or a resonant power
converter. The power converter 12 can generate the output
voltage V .10 response to activation of one or more power
switches in a switching stage 14 via a respective one or more
switching signals, demonstrated in the example of FIG. 1 as a
signal V5. As an example, the switching stage 14 can include
one or more switches, such as metal-oxide semiconductor
field eftect transistors (MOSFETs) that couple an input volt-
age (not shown) to an output inductor through which an
output current I .- flows. As another example, the switching
stage 14 can include a set of switches that are configured as an
output rectifier that interconnect the output inductor and a
secondary winding of a transformer, such that the set of
switches of the switching stage 14 are alternately activated to
direct the current through the output inductor. As an example,
the switching signals V ; can be voltage signals for activating
voltage-controlled switching devices, current signals for acti-
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vating current-controlled devices, or a signal having variable
voltage and current characteristics for activating a variety of
other types of switching devices.

In the example of FIG. 1, the switching signals V; are
generated by a gate drive controller 16. The gate drive con-
troller 16 can generate the switching signals V at a duty-
cycle that determines the activation of the switches in the
switching stage 14. For example, the switching signals V
can be generated by the gate drive controller 16 to have a
substantially constant duty-cycle, such as a maximum non-
overlapping duty-cycle. As a result, the power supply system
10 can operate with substantially high efficiency. As used
herein, the terms “maximum duty-cycle” and “maximum
non-overlapping duty-cycle” refer to a duty-cycle that has
approximately equal on-times and oft-times for an alternately
activated one pair of switches or two pairs of switches in a
manner such that at least one switch is activated at almost any
given time without any activation overlap between the alter-
nate pair or two pairs of switches. Additionally, the term
“substantially constant™ is used to mean that while the effect
may be intended to be constant, variations can exist in an
implementation or embodiment, such as due to process varia-
tions.

It may be desirable to control the output impedance of the
power supply system 10, such as to match the output imped-
ance of the power supply system 10 to any of a variety of other
associated electronic components (e.g., to one or more addi-
tional power converters or other load). Similarly, it may be
desirable to control the magnitude of the output current [,
to within a given tolerance, such as based on specifications or
to implement load sharing. Therefore, the power supply sys-
tem 10 is configured to control the output impedance of the
switching stage 14 based on the magnitude of the output
current [ ;7

In the example of FIG. 1, the power supply system 10 also
includes a current monitor 18 configured to monitor the out-
put current I, As an example, the current monitor 18 can
include a current sense resistor or any of a variety of other
current sensing electronic components. The current monitor
18 thus generates a signal I ., (e.g., a voltage having a
value) that is indicative of a magnitude of the output current
Ioor The power supply system 10 also includes a current
comparator 20 that is configured to compare the signal Iz
with a signal I -that can be indicative of a reference current
magnitude. Therefore, current comparator 20 can compare
the magnitude of the output current I, (i.e., via the signal
Isznsg) With a predetermined reference current magnitude
(i.e., via the signal Izz). The current comparator 20 can
provide a control signal CTRL corresponding to a difference
between the magnitude of the output current I, and the
predetermined reference current I,z

The control signal CTRL can be provided to the gate drive
controller 16. The gate drive controller 16 can be configured
to adjust a magnitude of the switching signals V ; to control
the output impedance of the switching stage 14 based on the
control signal CTRL, and thus in response to the comparison
of the magnitude of the output current 1, with the prede-
termined reference current magnitude I, .. As used herein,
adjusting the magnitude of the switching signals V ; can refer
to adjusting the magnitude of the “on” portion of the duty-
cycle of the switching signals V; (e.g., the magnitude of the
“on” voltage or the “on” current). As a result, an activation
resistance R, of the switches in the switching stage 14
can be increased or decreased, thus respectively decreasing or
increasing the magnitude of the output current I, -

For example, the switches of the switching stage 14 can be
N-channel devices that are activated by logic-high states of
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the switching signals V. Therefore, increasing the activation
voltage (Le., the “on” portion) of the switching signals V ; can
decrease the activation resistance R, 5 of the switches in
the switching stage 14. For example, the activation resistance
R s o can change from approximately 1.75 m€ at approxi-
mately 3.2V down to approximately 1 mQ at approximately
10V, thus achieving an approximately 75% variance in the
activation resistance R, on- Accordingly, the magnitude of
the output current I ,, -can likewise be adjusted relative to the
reference current magnitude I, in response to the control
signal CTRL. For example, the reference current magnitude
Iz can correspond to a desired magnitude of the output
current [, for proper impedance matching of the output of
the power supply system 10, such as with one or more addi-
tional electronic components. Therefore, the gate drive con-
troller 16 can set the magnitude of the output current I .- to
be substantially equal to the predetermined reference current
magnitude I, to implement impedance matching for the
power supply system 10.

FIG. 2 illustrates an example of a parallel power supply
system 50. The parallel power supply system 50 comprises a
plurality N of power converters 52, where N is a positive
integer greater than one, that are each configured to generate
respective plurality N of output voltages V 7, demonstrated
in the example of FIG. 2 as V o7, through V.7 . Each of
the respective output voltages V o, ; through Vo 5 can
be generated based on the flow of output currents 15,7
through 1., » generated by each of the respective power
converters 52, such as through output inductors (not shown).
As an example, the parallel power supply system 50 can be
implemented in any of a variety of applications, such as for
computer server applications. For example, each of the power
converters 52 can be DC/DC power supplies operating in
open-loop configuration with respect to the magnitude of the
respective output voltages V., , through V. . How-
ever, it is to be understood that other control schemes can be
implemented for generation of the respective output voltages
Vour 1 through V- 4, such as independent of the output
impedance control schemes described herein for distributing
power to circuitry in computer server applications.

Similar to as described above in the example of FIG. 1, the
power converters 52 can each be configured as any of a variety
of power converter types, such as a buck converter, a boost
converter, a buck/boost converter, or a resonant power con-
verter, thus generating the output voltages V. | through
Vour n In response to activation of one or more power
switches in respective switching stages 54 via a respective
one or more switching signals, demonstrated in the example
of FIG. 2 as signals V; , through V; ,. As an example, the
switching stages 54 can each include one or more switches,
such as MOSFETs that are configured as an output rectifier
that interconnect an output inductor and a secondary winding
of a transformer, such that the sets of switches of the switch-
ing stage 54 are alternately activated to direct the current
through the output inductor.

In the example of FIG. 2, a gate drive controller 56 gener-
ates the switching signals V; | through V;_, such as at a
maximum non-overlapping duty-cycle. Similar to as
described above regarding the example of FIG. 1, the gate
drive controller 56 can control the output impedance of the
respective switching stages 54 individually based on the mag-
nitudes of the respective output currents I, , through
Iour n The magnitudes of the output currents I, ,
through 1.+ , are each monitored by respective current
monitors 58 that provide a respective set of signals Iszysz |
through Iz ez »thatrepresent the respective output currents
Iour y through 15,7 - Thus, a current comparator 60 is
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configured to compare the signals Iszysz | throughIszyse
to compare the magnitudes of the output currents I, ,
through I 5,7 -, such that one or more of the output currents
loour y throughl,, ;- serveas reference current magnitudes
fora comparison, similar to as described above in the example
of FIG. 1. The current comparator 60 thus provides a control
signal CTRL that is indicative of the relative differences
between the magnitudes of the output currents I, ,
through I, 7 o

As aresult of the relative comparisons of the magnitudes of
the output currents I, ; through I, , indicated by the
control signal CTRL, gate drive controller 56 can thus be
configured to adjust the magnitudes of the activation voltages
of the switching signals V; | through V; . to control the
output impedance of each of the switching stages 54 accord-
ingly. As a result, the activation resistance R, on of the
switches in each of the switching stages 54 can be increased
or decreased to respectively decrease or increase the magni-
tudes of the output currents 15, , through I,., - For
example, the gate drive controller 56 can set the magnitudes
of the output currents I, , through I 5, » to be substan-
tially equal to each other to implement impedance matching
of each of the power converters 52 of the parallel power
supply system 50. As an example, the gate drive controller 56
can select one or more of the output currents I,,, , through
lour ~ having a given magnitude and increase and/or
decrease the magnitudes of the remaining output currents
lour y through I, A tosetthe magnitudes of the remaining
output currents I,,,, | through I, , approximately equal
to the selected one or more of the output currents I, ,
throughl,, - - As another example, the gate drive controller
56 can be configured to set the magnitudes of each of the
output currents 15, ; through I, » approximately equal
to a predetermined reference current magnitude I, (not
shown).

Based on the adjustments of the output impedances of the
switching stages 54, the parallel power supply system 50 can
implement impedance matching ofthe power converters 52 in
a simplified and inexpensive manner relative to typical par-
allel power supply systems. As an example, typical parallel
power supply systems that implement impedance matching
circuits for matching the output impedance of respective
power converters can occupy greater physical space, which is
typically constrained. In addition, such impedance matching
circuits often cannot guarantee proper current sharing with
respect to output currents based on variations between fabri-
cated circuit components. As a result, a lack of adequate
power sharing between the power converters of a typical
parallel power supply system can result in a decrease in total
power available, thus potentially increasing cost.

As another example, the gate drive controller 56 can be
configured to adjust output impedance control of the power
converters 52 individually with respect to each other. For
example, the power converters 52 could be providing
approximately equal load-sharing based on substantially
matched output impedances. However, a given one or more of
the power converters 52 could be operating at a higher tem-
perature relative to the other power converters 52, such as
based on variations in environment and/or circuit fabrication.
As a result, the gate drive controller 56 can be configured to
change the relative impedances of the power converters 52 to
shift loading between the power converters 52, such as to
regulate the respective temperatures of the power converters
52. Therefore, the gate drive controller 56 can be configured
to control the output impedance of the power converters 52
for a variety of reasons.
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It is to be understood that the parallel power supply system
50 is not limited to the example of FIG. 2. For example, the
current comparator 60 could be implemented as comprising
separate current comparators, one for each of the current
monitors 58, such that each of the output currents I, ,
through I+ » could be compared with a predetermined
reference current magnitude I, individually. In such an
example, the predetermined reference current magnitudes
1zzr could each be separately programmable, such as by one
or more processors, or could be uniform with respect to each
of the individual current comparators 60. Thus, the parallel
power supply system 50 can be configured in a variety of
ways.

FIG. 3 illustrates an example of a power converter 100. The
power converter 100 can correspond to the power converter
12 in the example of FIG. 1 or one or more of the power
converters 52 in the example of FIG. 2. Therefore, reference
is to be made to the example of FIGS. 1 and 2 in the example
of FIG. 3.

The power converter 100 includes an input stage 102
coupled to a primary winding [, of a transformer 104. As an
example, the input stage 102 can include one or more
switches that are activated to generate a primary resonant
current [ through the primary winding L., of the transformer
104. As a result, the primary resonant current can induce a
current I, in a secondary inductor L in the transformer 104
based on magnetic coupling in a core of the transformer 104.

The power converter 100 also includes a switching stage
106 coupled to the secondary winding L of the transformer
104. The switching stage 106 includes two pairs of MOSFET
switches, demonstrated in the example of FIG. 3 as Q,-Q.,
that are alternately activated to rectify the induced current I to
generate an output current I, through an output inductor
L,. In the example of FIG. 3, the switches Q, through Q, are
configured as N-channel MOSFETs with anti-parallel recti-
fier diodes, but it is to be understood that the switches Q,
through Q, can be configured as a variety of different types of
switches. For instance, the switches Q, and Q, can be acti-
vated concurrently by respective switching signals V5, and
V 5, and the switches Q, and QQ, can be activated concurrently
by respective switching signals V 5, and V 4 alternately with
the switches Q, and Q,. As an example, the switching signals
Vg, through V, can have a substantially fixed duty-cycle,
such as a maximum duty-cycle that is non-overlapping with
respect to the alternate activation of the switches Q, and Q,
and the switches Q, and Q5. Thus, based on the switching of
the switches Q, through Q,, the output current I, is pro-
vided through the output inductor L., to generate an output
voltage V . across an output capacitor C, .

As an example, the switching signals V 5, through V , can
be generated by the gate drive controller 16 in the example of
FIG. 1 or the gate drive controller 56 in the example of FIG.
2. Thus, the voltages of the switching signals V5, through
V 5,4 can be controlled by the respective gate drive controller
16 or 56 to control an output impedance of the power con-
verter 100, such as based on the magnitude of the output
current I, . For example, a current monitor 108 can monitor
a magnitude of the output current 1, and provide a signal
Isznsz 1o the gate drive controller 16 or 56. In response, the
gate drive controller 16 or 56 can increase or decrease the
activation voltage of the switches Q, through Q, to adjust the
activation resistance R,s on 0f the switches Q, through Q,.
As aresult, the output current I s adjusted accordingly. As
an example, the gate drive controller 16 or 56 can change the
activation voltage of a given pair of switching signals V 5, and
Vg 0r Vs, and V 5, substantially the same, such as based on
the pairs of switching signals V5, and Vg, or V5, and V4
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having the same signal source. As another example, the gate
drive controller 16 or 56 can change the activation voltage of
all of the switching signals V5, through V., individually,
such as to provide better flexibility of output impedance con-
trol of the power converter 100.

It is to be understood that the power converter 100 is not
intended to be limited to the example of FIG. 3. For example,
while the switching stage 106 is demonstrated in the example
of FIG. 3 as a full-bridge rectifier, other switching stage
topologies can be implemented instead. For example, the
switching stage 106 can be configured as a two-switch recti-
fier in which the output inductor L, is coupled to a center of
the secondary winding L and the alternately activated
switches are coupled to each respective end of the secondary
winding [ ;. As another example, the switching stage 106 can
be configured as a two-switch free-wheeling rectifier stage in
which each alternately activated switch is coupled to the
output inductor L, and coupled to opposite ends of the sec-
ondary winding L. Furthermore, the power converter 100
could instead be implemented as a different type of power
converter altogether, such as a buck, boost, or buck/boost
converter, in which the switching stage 106 is instead config-
ured as one or more switches that couple an input voltage to
the output inductor L,. Accordingly, the output impedance
control techniques described herein can be applicable to any
of a variety of DC/DC power converter topologies.

In view of the foregoing structural and functional features
described above, an example method will be better appreci-
ated with reference to FIG. 4. While, for purposes of simplic-
ity of explanation, the method of FIG. 4 is shown and
described as executing serially, it is to be understood and
appreciated that the method is not limited by the illustrated
order, as parts of the method could occur in different orders
and/or concurrently from that shown and described herein.

FIG. 4 illustrates an example of a method 150 for control-
ling a magnitude of an output current of a power supply
system. At 152 a plurality of switching signals (e.g., switch-
ing signals V; of FIG. 1) having a substantially maximum
duty-cycle are generated. At 154, a plurality of switches in a
switching stage (e.g., the switching stage 14 of FIG. 1) is
alternately activated based on the plurality of switching sig-
nals to rectify an output current. At 156, a magnitude of the
output current is compared with a reference magnitude (e.g.,
by comparator 20 of FIG. 1). At 158, a magnitude of an
activation voltage associated with the plurality of switching
signals is controlled (e.g., by the controller 16 of FIG. 1)
based on the comparison to control an impedance associated
with the plurality of switches to control the magnitude of the
output current relative to the reference current.

What have been described above are examples. It is, of
course, not possible to describe every conceivable combina-
tion of components or methodologies, but one of ordinary
skill in the art will recognize that many further combinations
and permutations are possible. Accordingly, the invention is
intended to embrace all such alterations, modifications, and
variations that fall within the scope of this application, includ-
ing the appended claims. As used herein, the term “includes”
means includes but not limited to, the term “including” means
including but not limited to. The term “based on” means
based at least in part on. Additionally, where the disclosure or
claims recite “a,” “an,” “a first,” or “another” element, or the
equivalent thereof; it should be interpreted to include one or
more than one such element, neither requiring nor excluding
two or more such elements.
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What is claimed is:

1. A power supply system comprising:

apower converter comprising a switching stage to conduct
an output current in response to switching signals having
a predefined duty-cycle, the output current being pro-
vided at an output of the power converter;

a current monitor to sense a magnitude of the output cur-
rent;

a gate drive controller to generate and to control a magni-
tude of the switching signals and to control an output
impedance of the switching stage based on the sensed
output current to control the magnitude of the output
current;

a second power converter comprising a second switching
stage to conduct a second output current in response to
second switching signals, the second output current
being provided to generate a second output voltage at an
output of the second power converter;

a second current monitor to sense a magnitude of the sec-
ond output current; and

a current comparator to compare the magnitude of the
output current with the magnitude of the second output
current, such that the gate drive controller is to control
the output impedance of the switching stage based on the
comparison to control the magnitude of the output cur-
rent.

2. The system of claim 1, wherein the gate drive controller
is to control the magnitude of the switching signals to adjust
an activation resistance of switches in the switching stage to
control the output impedance of the switching stage.

3. The system of claim 1, further comprising a transformer
to inductively generate the output current at a secondary
winding of the transformer based on a current flow through a
primary winding of the transformer, such that the switching
stage is to rectify the output current.

4. The system of claim 3, wherein the switching stage is
arranged as a full-bridge rectification stage comprising two
pairs of alternately activated switches.

5. The system of claim 4, wherein the gate drive controller
is to control a magnitude of an activation signal of each
transistor of each of the two pairs of alternately activated
switches individually with respect to each other to adjust an
activation resistance of each transistor of each of the two pairs
of alternately activated switches individually to control the
output impedance of the switching stage.

6. The system of claim 1, wherein the current comparator is
to compare the magnitude of the output current with a prede-
termined reference, such that the gate drive controller is to
control the output impedance of the switching stage based on
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the comparison to set the magnitude of the output current
approximately equal to the predetermined reference.

7. The system of claim 1, wherein the gate drive controller
is to control the output impedance of the switching stage
based on the comparison to set the magnitude of the output
current to be approximately equal to the magnitude of the
second output current.

8. A method for controlling an output current of a power
supply system, the method comprising:

generating a plurality of switching signals having a sub-

stantially maximum duty-cycle;
alternately activating a plurality of switches in a switching
stage of a first power converter based on the plurality of
switching signals to provide the output current;

generating a second plurality of switching signals having
the substantially maximum duty-cycle;

alternately activating a second plurality of switches in a

switching stage of a second power converter based on
the second plurality of switching signals to provide a
second output current;

comparing a magnitude of the output current with a refer-

ence, wherein the reference comprises the second output
current, such that comparing the magnitude of the output
current comprises comparing the magnitude of the out-
put current with a magnitude of the second output cur-
rent; and

controlling a magnitude of the plurality of switching sig-

nals based on the comparison to control an impedance
associated with the plurality of switches to control the
magnitude of the output current relative to the reference,
wherein controlling the magnitude of the plurality of
switching signals comprises controlling the magnitude
of the plurality of switching signals based on the com-
parison to control the impedance associated with the
plurality of switches to control the magnitude of the
output current relative to the second output current.

9. The method of claim 8, wherein controlling the magni-
tude of the plurality of switching signals comprises control-
ling the magnitude of the plurality of switching signals based
on the comparison to control the impedance associated with
the plurality of switches to set the magnitude of the output
current approximately equal to the reference.

10. The system of claim 1, wherein the predefined duty-
cycle is a substantially fixed duty-cycle.

11. The system of claim 10, wherein the substantially fixed
duty-cycle is a substantially maximum non-overlapping
duty-cycle with respect to alternately activated switches of
the switching stage.
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